Abstract West European Rock lizards, Lacerta (Iberolacerta) have small widely separated ranges in highland areas. Mitochondrial and nuclear DNA sequences corroborate the monophyly of the group and show it is not closely related to any of the other Rock lizards with which it was formerly placed in Archaeolacerta, an assemblage for which there is no evidence of clade status. L. (Iberolacerta) and Podarcis belong, diversified rapidly 13-9 Ma ago, probably largely replacing other lacertid lizards of earlier origin. As another round of replacement started at approximately 9 Ma ago with the spread of Podarcis, this may be a recurrent phenomenon in the evolution of some lizard communities.
Introduction
West European Rock lizards, Lacerta (Iberolacerta), are an assemblage of lacertine lacertids that is almost entirely confined to small widely separated mountain areas ( Fig. 1) and has been the subject of considerable recent taxonomic revision (Arribas, 1996 (Arribas, , 1999b (Arribas, , 2000a (Arribas, , 2001 ). We investigate their evolutionary relationships here using DNA sequences, and then employ the phylogenies produced and molecular clocks to test the following hypotheses: (1) Rock lizards have persisted in and around highland areas for very long periods; (2) L. (Iberolacerta) and most other European Rock lizards were restricted to mountains by the spread of Wall lizards (Podarcis) (Arnold, 1981) . The general history of lacertines is also considered. ) aurelioi in the massifs of Montroig (locality 11 in Fig. 1 ), Pica d'Estats, Coma Pedrosa (locality 13 in Fig. 1 ) and Sorteny (locality 12 in Fig. 1 ). The last member of Iberolacerta, L. (I.) horvathi, is found 1100 km further east, inhabiting several mountain areas in north and west Croatia (locality 22 in Fig. 1 ), Slovenia and small adjoining regions of north-east Italy and Austria. Recent records also exist from the border region of southern Germany and Austria (Capula, 1990) .
In the past, all Iberian L. (Iberolacerta) populations were assigned to Lacerta monticola (Mertens & Wermuth, 1960; Arnold, 1973; Arnold & Burton, 1978; Böhme, 1984; Arnold, 1989) . Species status was later given to some populations by the following authors: L (I.) bonnali - (Arribas, 1993a; Perez-Mellado et al., 1993) ; L.(I.) aranica - (Mayer & Arribas, 1996) ; L. cyreni - (Arribas, 1996) ; and a new species, L. (I.) aurelioi , was described from the eastern Pyrenees. The validity of Lacerta (Iberolacerta) has been argued on morphological and karyological grounds (Arribas, 1999a) . A mitochondrial DNA study covering many lacertid taxa confirmed the affinity of the three L. (Iberolacerta) species that were included, namely L. (I.) monticola, L. (I.) bonnali and L. (I.) horvathi (Harris et al., 1998) .
(b) Relationships to other lacertine Rock lizards
The species now assigned to L. (Iberolacerta) and other lacertine lacertids generally known as Rock lizards, were formerly referred to Archaeolacerta Mertens, 1921 , a subgenus of Lacerta that has been used formally or informally in many publications, by for instance (by Lanza et al., 1977; Arnold, 1989; Arribas, 1993b; Mayer & Benyr, 1994) . The content of this group has varied over time but, besides the members of L. (Iberolacerta), has included the following taxa (Arnold, 1973) : Lacerta bedriagae, L. oxycephala, L. mosorensis, L. graeca, the L. danfordi group (L. danfordi, L. anatolica and L. oertzeni), L. kulzeri, and most of those now placed in Lacerta (Darevskia) (Arribas, 1999a) . Recently, Arribas (1999a) has restricted Archaeolacerta to the first three species. The distinctive features of Archaeolacerta in its broad sense include dorsoventral compression of the head and body, a range of cranial features involving reduction in ossification, smooth often flat dorsal body scales, a reduced smooth-edged collar beneath the neck, rectangular belly scales with little posterior overlap and toes that are laterally compressed and often kinked in the vertical plane (Arnold, 1973 (Arnold, , 1989 (Arnold, , 1998a ; other features tend to be primitive among the Lacertidae. One of the reasons why the boundaries of Archaeolacerta have been unstable is that the morphological characteristics of the group are variable in their degree of development and also occur, to varying extents, in some other lacertine species including Lacerta cappadocica, L. (Teira) perspicillata and some populations of Podarcis hispanica s. lat. These features are functionally associated with living on rocky surfaces and the use of crevices in them as refuges, conferring advantage in this situation. As there is also evidence they are labile and easily evolved (Arnold, 1973 (Arnold, , 1989 (Arnold, , 1998a , it is possible the characters of Archaeolacerta were acquired more than once and that the group has multiple origins.
(c) Long-term persistence of mountain taxa
Lacerta (Iberolacerta) is just one instance where mountains have endemic species, for many other animals and plant taxa are largely or wholly confined to highland areas. Sometimes whole clades are involved. For example Asaccus geckos are rooted in the Hajar Mountains of eastern Arabia and have five species there that vary in body size, other morphological features and ecology (Arnold & Gardner, 1994) . Such endemism and radiation suggest that the taxa concerned may have been in highland areas for considerable periods. Molecular clocks provide a means of assessing whether this is actually so.
(d) How mountains get their endemic taxa
There are a number of potential mechanisms that could have produced montane restriction in animals like lizards that are incapable of aerial dispersal (Arnold, 2004) . These are not necessarily exclusive and include the following. (e) Possible competitive restriction of Lacerta (Iberolacerta) and other Rock lizards A case has been made (Arnold, 1981 (Arnold, , 2004 
(f) History of the Lacertinae
The Lacertinae comprise about 80 species found in Europe and surrounding mesic areas. Some aspects of their history have recently been discussed elsewhere (Arnold, 2004) . Studies involving relatively few lacertine species (Fu, 1998; Harris et al., 1998; Fu, 2000) suggest that the group diversified rapidly. Inclusion of a much greater range of taxa in a phylogenetic analysis would enable this preliminary interpretation to be properly tested and a molecular clock would provide some indication of when diversification occurred.
Here we use a total of 678 bp of mitochondrial DNA gene fragments (up to 303 bp of cytochrome b and 375 bp of 12S rRNA) and 335 bp of the c-mos nuclear gene to explore the systematics and history of Lacerta (Iberolacerta), the possible competitive restriction and persistence of it and other Rock lizards, and the history of the Lacertine lacertids.
Materials and methods

Samples, DNA extraction and amplification
To test the monophyly of Lacerta (Iberolacerta) and explore its relationships to other Rock lizards, a total of 130 individuals of the subfamily Lacertinae were used in this study and 12 individuals of the Gallotiinae employed as outgroups. The Lacertinae comprise representatives of Podarcis, Algyroides and all the recognised subgenera of Lacerta, and of 10 species of Lacerta not included in these units. All species and subspecies of L. (Iberolacerta) described to date (Arribas, 1996 (Arribas, , 1999b (Arribas, , 2000a (Arribas, , 2001 ) are included as well as most Podarcis, to see if the expansion of this group correlates with the restriction of L. (Iberolacerta) . Specimen data are given in Table 1 and selected localities shown in Fig. 1 . DNA extraction, PCR amplification and sequencing of the PCR products followed procedures described elsewhere (Carranza et al., 2000) . Primers used in both amplification and sequencing were 12Sa and 12Sb (Kocher et al., 1989) for the 12S rRNA gene, cytochrome b1 and cytochrome b2 (Kocher et al., 1989) for the cytochrome b (cytb) gene, and G73 and G74 (Saint et al., 1998) 
Phylogenetic analyses
Three data sets were used in the phylogenetic analyses. Data set I included 138 specimens listed in Table 1 and 589 bp of aligned mtDNA sequence data (291 bp of cytochrome b (cytb) and 298 bp of 12S rRNA). Data set II included a total of 1013 bp of mitochondrial (303 bp of cytb and 375 bp of 12S rRNA) and nuclear (335 bp of c-mos) DNA for at least one representative of every single population of Iberolacerta listed in Table 1 , 6 representatives of the subfamily Lacertinae and 11 Gallotinae. Data set III included 335 bp of the nuclear c-mos gene for all 42 lacertids included in data set II plus seven new sequences downloaded from GenBank. In all data sets, DNA sequences were equal in length. DNA sequences were aligned by hand using the alignment editor BIOEDIT v. 5.0.9 (Hall, 1999) and taking into account the published secondary structure (Hickson et al., 1996) . Alignment gaps were inserted to resolve length differences between sequences, and positions that could not be unambiguously aligned were excluded. Cytb sequences were translated into amino acids prior to analysis and did not show any stop codons, suggesting that all were functional. Three different methods of phylogenetic analysis were employed: maximumlikelihood (ML), Bayesian analysis and maximum parsimony (MP). MODELTEST (Posada & Crandall, 1998) was used to select the most appropriate model of sequence evolution for the ML and Bayesian analyses, under the Akaike Information Criterion. For data sets I and II this was the General Time Reversible (GTR) model, taking into account the shape of the Gamma distribution (G) and the number of invariable sites (I), while for data set III it was the GTR model.
Both ML and MP analyses were performed in PAUP* 4.0b10 (Swofford, 1998) . For data sets II and III they included heuristic searches involving tree bisection and reconnection (TBR) branch swapping with 100 random stepwise additions of taxa. Because of the large size of data set I, the search strategy used avoided unnecessary swapping involving replicates that do not locate one of the "islands" containing optimal trees (Giribet & Wheeler, 1999) . This strategy involved setting the maxtrees command in PAUP* to 10 000, followed by a heuristic search with TBR branch swapping in which not more than 10 trees of length ≥ 1 were stored, and then inactivating this constraint and swapping on all stored trees to completion. In all MP analyses, gaps were included as a fifth state. In order to correct for the observed transitions (ts) : transversions (tv) ratio, in the MP analyses of data sets I and II, transversions were given the same weight as transitions and four times that weight in different analyses; for data set III, the same weight and two times that weight were used. Nodal support for all MP trees and for the ML tree of data set III was assessed using bootstrap analysis (Felsenstein, 1985) involving 1000 pseudoreplications. Bayesian phylogenetic analyses were performed with MRBAYES v. 2.01 (Huelsenbeck & Ronquist, 2001 ) using the GTR+I+G model of sequence evolution (see above) with parameters estimated as part of the analysis and four incrementally heated Markov chains with the default heating values. All analyses started with randomly generated trees and ran for 2.5 × 10 6 generations, with sampling at intervals of 100 generations that produced 25 000 sampled trees. To ensure that the analyses were not trapped on local optima, all data sets were run three times independently, each run beginning with a different starting tree. The log-likelihood values of the 25 000 trees in each analysis were plotted against the generation time. All the trees produced prior to reaching stationarity were discarded, making sure that burn-in samples were not retained. Although stationarity was reached very rapidly (data not shown), only the last 5000 trees in each of the three independent analyses were used to estimate separate 50% majority rule consensus trees for these. The frequency of any particular clade, among the individual trees contributing to the consensus tree, represents the posterior probability of that clade (Huelsenbeck & Ronquist, 2001) ; only values above 95% were regarded as indicating that clades were significantly supported.
The incongruence length difference (ILD) test (Mickevich & Farris, 1981; Farris et al., 1994) was used to check for incongruence between all three genes in data set III. In this test, 10 000 heuristic searches were made and invariable characters were removed before starting the analysis (Cunningham, 1997) .
Where appropriate, topological constraints were generated with MRBAYES (Huelsenbeck & Ronquist, 2001 ) for data set I and with MacClade v. 4.0 (Maddison & Maddison, 1992) for data set II, and compared with our optimal topologies using the Shimodaira-Hasegawa (SH) (Shimodaira & Hasegawa, 1999) test implemented in PAUP * 4.0b10 (Swofford, 1998) and employing RELL bootstrap with 1000 replicates.
Molecular clock considerations
To establish approximate dates for some of the nodes resulting from the analysis of data sets I and II, two different methods were employed. For data set II, the likelihood ratio test (Huelsenbeck & Crandall, 1997) was first used to assess the statistical significance of the difference between the log likelihood of the trees calculated with and without molecular clock assumptions. If the difference between both ML trees were not significant, it would indicate that the gene fragment used to infer the phylogeny was evolving in a clocklike manner and genetic distances between taxa could be used to infer approximate dates. To consider any bias produced by the use of different evolutionary models when calculating distance matrices to subsequently infer evolutionary dates, we used two different models of sequence evolution. The GTR+I+G, selected by MODELTEST as the most appropriate model for data set II, and the Kimura 2-parameters model, used in previous work to infer evolutionary dates from distance matrices in reptiles (Carranza et al., 2000 (Carranza et al., , 2001 Paulo et al., 2001; Carranza et al., 2002; Maca-Meyer et al., 2003) .
Divergence times on trees derived from data sets I and II were also estimated using the Nonparametric Rate Smoothing (NPRS) method implemented in the r8s program (Sanderson, 1997) . The source code was compiled and run on a PC under Linux. To avoid the problem of finding only local optima the searches were started at three initial time guesses (num − timeguess = 3). We checked the local stability of the solutions for each guess by perturbing them and restarting the search three times (num − restarts = 3; perturb − factor = 0.05). Given that the NPRS method for estimating divergence times depends on both topology and branch lengths, age ranges were calculated for each node based on four different branch length optimization methods (GTR+I+G, Kimura 2-parameters, ACCTRAN and DELTRAN).
The age of El Hierro island in the Canaries islands, which is estimated as 1 Myr (Guillou et al., 1996) , was used for calibration. This was on the assumption that the resident Gallotia caesaris caesaris colonised this island, soon after its formation, from neighbouring La Gomera, where G. c. gomerensis occurs. These taxa are suitable for use in calibration as they are reciprocally monophyletic sister species with low intraspecific variability (Maca-Meyer et al., 2003) . Apart from the assumption that El Hierro was colonised rapidly, factors that could affect clock calibrations include stochastic variation at low levels of sequence divergence and the possibility of extinct or unsampled lineages (Emerson et al., 2000a,b; Emerson, 2002) , although there is no evidence for any of these occurring in Gallotia (González et al., 1997; Barahona et al., 2000; Maca-Meyer et al., 2003) . For the c-mos data set III, no dates could be inferred because there is no difference between G. c. caesaris and G. c. gomerensis in the gene fragment used.
Results (a) Analysis of data set I -mitochondrial genes for Lacertinae and Gallotiinae
Monophyly of the Western Rock lizards, L. (Iberolacerta) and of Rock lizards (Archaeolacerta s. lat) in general was investigated using 589 bp of mitochondrial sequence, 273 being variable and 247 parsimony-informative. Before the phylogenetic analysis, separate saturation tests were carried out, in which the observed number of ts and tv was plotted against the uncorrected genetic distances. This was done independently for the 12S rRNA and for all three codon positions of cytb.
No saturation was apparent, even for the most variable cytb 3rd codon ts (see Fig. 2 ), so all positions were included in the phylogenetic analyses. A phylogenetic tree for the Lacertinae and Gallotiinae is shown in Fig. 3 . The three independent Bayesian analyses differed only slightly in their overall topology for the Lacertinae, so only the tree with the highest likelihood value is illustrated (1st Bayesian replicate; see Table 2 ). MP trees were also slightly different from the Bayesian topology in Fig. 3 , usually showing less resolution at the base of the tree. Relevant data for the MP analyses with data set I, II and III are shown in Table 3 . In all phylogenetic analyses, relationships within the Gallotiinae were identical and very similar to those found in many other studies of the group (e.g. González et al., 1997; Maca-Meyer et al., 2003) , indicating that sequences in data set I are sufficient to recover phylogenetic relationships providing there was sufficient time between branching points. Within the Lacertinae, the monophyly of L. (Iberolacerta) is supported in all analyses by relatively high bootstrap and high Bayesian posterior probability values. But this is not true of Archaeolacerta in its broad sense or in the narrow sense of Arribas (1999a) . To test this conclusion further, constraint analyses were carried out. In these, a tree in which species assigned to Archaeolacerta were constrained to monophyly was compared with the topology shown in Fig. 3 . The results clearly reject both concepts of Archaeolacerta as a monophyletic unit (Table 2 ). In contrast, Wall lizards (Podarcis) are a well supported clade and their internal relationships are congruent with previous analyses (Harris & Arnold, 1999; Harris & Sa-Sousa, 2002) . The Podarcis hispanica group of southwest Europe and northwest Africa has up to six monophyletic units in the Iberian Peninsula that can be regarded as separate species, although their taxonomy is not fully resolved Harris & Sa-Sousa, 2002) .
The tree also indicates some other included species assigned to subgenera of Lacerta are closely related to each other. This is true of Lacerta (Table  2) . Similarly, while L. (Teira) dugesii and L. (T.) perspicillata are clearly closely related on the tree, L. andreanszkyi, which is also sometimes placed in L. (Teira), is not associated with them but again the supposed relationships of these three forms does not fail a constraint test.
Approximate dates for some diversification events within the Lacertinae were inferred using the NPRS method. They are shown in Fig. 3 Figure 3 Bayesian tree for Lacertinae and Gallotiinae inferred from data set I (mtDNA sequence). Bootstrap support and posterior probability values are shown at the corresponding nodes: Left, posterior probability values derived by Bayesian analysis (1st replicate); Middle, bootstrap support derived by MP (ts = tv); Right, bootstrap support derived by MP (ts = 1; tv = 4). When difference between the bootstrap and posterior probability values was < 5% only the average value is shown. The '<' symbol is used to show that the bootstrap/posterior probability support for that node is lower than 50% and the '-' symbol indicates that a particular node is never recovered when using this method. Estimated mean ages and standard deviations are given for selected nodes marked by filled circles, including those in Gallotia, the first bifurcation within the Lacertinae, and those within Podarcis as a whole, including the P. hispanica group, and L. (Iberolacerta). Ages have been calculated using the NPRS method implemented in r8s (see Material and Methods). Italic numbers after taxon names refer to different individual lizards, details of which can be found in Table 1 ; numbers in square brackets refer to localities shown in Fig. 1 . assemblage started approximately 7.5 ± 1.2 Ma ago, and therefore was also very close in time to diversification within Iberolacerta. The inference of these dates was based on homologous sequence and identical methods of analysis for independent clades within the Lacertinae. Consequently, even if there is error in the determination of the absolute age of the diversifying clades, the determination of relative ages should be similarly biased, and therefore directly comparable.
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(b) Analysis of data set II -mitochondrial and nuclear genes for L. (Iberolacerta)
This analysis, which was based on more mtDNA sequence than in data set I plus a fragment of the c-mos nuclear gene, further explored the relationships of West European Rock lizards. Of the total 1013 bp, 315 were variable and 269 parsimonyinformative. As in data set I, not even the cytb third codon ts appear to be saturated (see Fig. 2 ), so all sites were included in the analysis. An ILD test showed that all three genes were congruent with each other (ILD, P > 0.80) and were consequently combined in a total evidence analysis. Results are shown in Fig. 4 and statistics for the different analyses given in Table 3 . All ML, MP and Bayesian trees have almost identical topologies, which are only slightly different from those obtained from data set I (see Fig. 3 ). L. (Iberolacerta) horvathi separates first and then the Pyrenean assemblage (clades III-V in Fig. 4) , leaving all the other Iberian populations as a monophyletic group (clades I+II in Fig. 4 ). The three basal nodes involved (nodes J, K and N in Fig. 4 ) are recovered in all analyses, but have very low bootstrap and posterior probability values. This lack of clear basal resolution in Iberolacerta, despite 1013 bp of sequence from three different genes being used, suggests that the speciation events involved occurred over a short time. Speciation within the Pyrenean assemblage (clades III-V) was probably also very swift. The three species form a trichotomy in all MP strict consensus trees, while in the ML (GTR + I + G) tree (Fig. 4) . Estimated ages are given for some bifurcations, which are marked by filled circles and followed by a capital letter which links them to Table 6 . When difference between the four support values or between all three Bayesian posterior probabilities is <5%, only the average value is shown. The '<' symbol is used to show that the bootstrap/posterior probability value for that node is lower than 50% and the '-' symbol indicates that a particular node is never recovered when using this method. Italic numbers after taxon names refer to different individual lizards, details of which can be found in Table 1 ; numbers in square brackets refer to localities shown in Fig. 1 . Table 5 Kimura 2-parameter genetic distances between all main clades within Iberolacerta (see Fig. 4 
L.(I.). cyreni castiliana
) and between populations within L.(I.) cyreni, L.(I.) monticola and L.(I.) bonnali.
Numbers between square brackets after population names refer to population codes in Table 1 and Figs 1, 3-5. The three different values from left to right correspond to % genetic distances calculated taking into account all three genes together (cytb + 12S rRNA + c-mos), cytb only and 12S rRNA only.
pattern of relationships shown in Fig. 4 , indicates that the alternatives are not significantly less well supported (Table 4) . Genetic distances between clades III-V are relatively high (6.2-9.8% genetic divergence for the cytb gene; see Table 5 ), in agreement with their species status. Despite samples being selected to cover the maximum geographical range of each of the three Pyrenean species, genetic variability within clades III and IV is 0% (see Table 5 Fig. 4 , it is significantly less well supported (Table 4) . Relationships
GTR+I+G genetic 21.3 11.6 12.3 2.2 4.1 7.9 4.7 1.5 0.5 11.5 9.9 3.8 3.4 8.7 2 1.1 0.2 1.6 0.3 distances K2P genetic 12.4 8.3 8.5 2 3.5 6.2 4 1.4 0.5 8.8 7.5 3.5 3.2 6.8 1.9 1 0.2 1.6 0.3 distances r8s (GTR+I+G) 14.7 9 7.5 1.4 3.4 5.7 3.3 1 0.3 7.8 7.7 7 6.8 7.5 2.7 1.6 0.5 1.7 0.8 r8s (K2P) 13.8 9.8 8.6 2 4.7 7 4.2 2.1 0.7 6 5.5 3.5 3.4 5 1.8 1 0.4 1.2 0.5 r8s (ACCTRAN) 20 12 9.6 2.6 3.5 6.3 3.6 1.3 0.3 7 6 4.1 3.6 5 1.9 1.9 0.8 1.5 0.8 r8s (DELTRAN) 13.5 9.6 7.8 1.9 3.9 6.3 4 1.5 0.6 5.2 4.6 3.3 2.7 4 1.8 0.8 0.3 1 0.5 Mean 15.9 10 9 2 3.8 6.5 3.9 1.4 0.5 7.7 6.8 4.2 3.8 6.1 2 1.2 0.4 1.7 0.8 Standard deviation 3.7 1.4 1.7 0.4 0.5 0.7 0.5 0.3 0.2 2.24 1.9 1.4 1.4 1.8 0.3 0.4 0.2 0.3 0.2 Table 6 Ages for the 19 speciation events shown in Fig. 4 calculated using ) monticola, and genetic variability within it is very low (0.45% for the cytb gene), even though the samples occur over a large geographical area (see Fig. 1 ).
In order to estimate times of cladogenetic events on the L. (Iberolacerta) phylogenetic tree produced from data set II, a maximum likelihood ratio test was performed comparing the likelihood value of the ML tree from Fig. 4 (−5456.67436) with the log likelihood of the same tree with clock-like branch lengths (−5483.99400). The likelihood ratio test statistic showed that there was no significant difference between the two trees (−2log = 54.63928 which approximates to an X 2 40 distribution under the null hypothesis; P < 0.05) and therefore the sequences could be used to estimate approximate dates. Calibrations based on the genus Gallotia from the Canary Islands (see p. 15) were carried out using two different models of sequence evolution (GTR+I+G and Kimura 2-parameters; see p. 14). The results were identical for both evolutionary models and indicated that all three genes together (cytb, 12S rRNA and c-mos) were evolving at a rate of 0.9% per million years (Ma), the combined cytb and 12S rRNA at 1.35% per Ma, the cytb alone at 2.3% per Ma, and the 12S rRNA alone at 0.5% per Ma. In our analyses, we only used the rate based on all three genes for which clock-like behaviour had been tested. Calibrations were also carried out applying the NPRS method (Sanderson, 1997) to the ML tree shown in Fig. 4 with branch lengths calculated using four different methods (GTR+I+G, Kimura 2-parameters, ACCTRAN and DELTRAN). The various dates for the most relevant nodes in Fig. 4 (marked as A-S) calculated using all six different approaches are shown in Table 6 . As expected, dates for nodes situated at the base of the tree (A and J) have higher standard deviations, the effects of using different evolutionary models being more apparent here. Dates calculated using the same evolutionary model (GTR+I+G or Kimura 2-parameters) but different methods (either inferred directly from the distance matrix or using the NPRS method) were generally very similar (see Table 6 ). Despite being based on more mitochondrial sequence and an extra nuclear gene, dates for speciation events within the Gallotiinae and the origin of Iberolacerta in the present analysis are very similar to these shown in Fig. 3 . Moreover, dates within the Canary lacertid lizards of the genus Gallotia are congruent with island ages and with previous published work ( Maca-Meyer et al., 2004) .
Diversification within Iberolacerta started at approximately 7.7 ± 2.2 Ma ago. There was a second bout of speciation within Iberolacerta around 4.2 ± 1.4 Ma ago, when the Pyrenean assemblage split into three units (clades III, IV and V). 
(c) Analysis of data set III -Nuclear c-mos gene for Iberolacerta and the Gallotiinae
Variability in the gene fragment c-mos is low; only 69 bp out of 335 bp were variable and only 48 bp parsimony-informative. Because of this and also because c-mos is a nuclear gene, it was analysed independently. The c-mos tree presented in Fig. 5 shows that, within the Lacertinae, relationships are congruent with the total evidence analysis presented in Fig. 4 in that L. When difference between the four bootstrap support values or between all three Bayesian posterior probabilities was < 5%, only the average value is shown. The '<' symbol is used to show that the bootstrap/posterior probability value for that node is lower than 50%. Italic numbers after taxon names refer to different individuals, details of which can be found in Table 1 ; numbers in square brackets refer to localities shown in Fig. 1 .
and there is also no variability within clade II. In general, bootstrap and posterior probability values are very low (see Fig. 5 ). Nonetheless, the fact that the nuclear c-mos gene fragment supports several of the relationships produced by mitochondrial DNA alone increases confidence in these.
Discussion (a) Relationships and taxonomy of West European Rock lizards, Lacerta (Iberolacerta)
Inclusion of all taxa of L. (Iberolacerta) in a phylogenetic analysis with a very wide range of other Lacertinae (data set I) provides strong support for its clade status, and L. (Iberolacerta) should consequently continue to be recognised as a formal unit. We follow (Harris & Carretero, 2003) , in treating it as a subgenus of Lacerta, to avoid confusing change in species and subspecies names. Relationships within Iberolacerta are largely resolved by DNA sequences, although there is some conflict with other data sources. In the DNA analysis presented here, The Pyrenean Lacerta (I.) aurelioi and L (I.) aranica form a clade, with L (I.) bonnali sister to it (Figs 3 and 4) . Although bootstrap support and posterior probability values are both very low, these relationships are consistently recovered in our analyses, but other kinds of data give different results. Gross morphology suggests L (I.) bonnali and L (I.) aranica are most closely related (Arribas, 1993b (Arribas, , 2000b , while karyological (Odierna et al., 1996) and allozyme data (Mayer & Arribas, 1996) support a clade made up of L (I.) bonnali and L (I.) aurelioi. As noted earlier, a constraint analysis does not give precedence to any of these hypotheses (Table 4) , so it is probable that division of the Pyrenean clade into three main units occurred rapidly.
In general, the nomenclature currently used within L. (Iberolacerta), between 7.7 ± 2.2 and 8.1 ± 2.3 Ma ago, especially as mountains such as the Pyrenees, were already in place at this time (Dercourt et al., 1986) . This would be the simplest interpretation of the tree, although the possibility that the basal speciation was not immediately accompanied by confinement of the main units of L. (Iberolacerta) to their present highland ranges cannot be entirely ruled out. However, there is no evidence that lineages of L. (Iberolacerta) once extended well outside their present range, in the form of relict populations in areas with suitable climatic conditions, such as isolated massifs. Isolates of this kind are common, for example in cold-adapted taxa that spread widely during the ice ages. Also, the basal branches of the three main Iberian units of L. (Iberolacerta) are relatively long and 'bald', before they diversify within particular montane areas, being without external branches. This may be because no speciation events occurred, which would be in agreement with a continuously small range since their divergence, or external basal branches may have existed but have been pruned by extinction. Either possibility would fit with long-term persistence only in small montane areas and lack of success in any long-term colonisation beyond these.
Although the evidence suggests at least some L. (Iberolacerta) persisted in or at least around montane areas for periods of millions of years, there must have been at least some minor range shift. This is because the mountains concerned were much colder during the Pleistocene ice ages and some at least were glaciated at high altitudes. Such climatic changes would have made it impossible for at least Pyrenean L. (Iberolacerta) to inhabit their present ranges, which lie mainly on the southern side of the mountains between 1700 m and 3000 m, but spread over the watershed on to the upper northern slopes. In the Pyrenees, the glacial maximum was reached approximately 50 000-45 000 years ago (Jalut et al., 1992; Montserrat-Martí 1992) but, while glaciers were abundant at high altitudes, the lower southern slopes of the mountains were undoubtedly warmer (Andrieu et al., 1988) and Pyrenean L. Why have West European Rock lizards often managed to persist for so long in the small mountain areas where they occur? Mountains may simply provide the conditions to which the lizards are now adapted and are also capable of preserving them over long periods through episodes of climatic change. This is because organisms adapted to particular habitats can maintain their climatic requirements by shifting upwards in warm periods and downwards in cool ones. Another possible cause is that patterns of intermittent gene flow which could reduce adaptation to local conditions may differ between forms confined to highland areas and ones that have invaded from the lowlands, to the advantage of the former (Arnold, 1981) .
(c) Did Podarcis restrict L. (Iberolacerta) and other European Rock lizards?
Phylogenetic analysis based on DNA sequence and incorporating a molecular clock provides support for this hypothesis of competitive restriction. It is clear that L. (Iberolacerta) really is a clade and, as lizards are terrestrial animals, this means there must once have been continuity between its populations, although not necessarily simultaneously. L. (Iberolacerta) must therefore have undergone range restriction. The idea, based on their uniform morphology and compact continuous range, that Wall lizards (Podarcis) are a young group that has expanded to restrict West European Rock lizards quite recently, must be discounted, as the clade is old, perhaps separating from other Lacertines as long as 13-9 Ma ago and beginning to diversify at about 9 ± 1.5 Ma ago. It may nonetheless have restricted L. (Iberolacerta) around this period, as diversification of Podarcis took place around the time that Iberolacerta seems to have fragmented, including diversification of the P. hispanica clade, which occurred around 7.5 ± 1.2 Ma ago (see Fig. 3 ).
In contrast to L. (Iberolacerta), Podarcis diversified into many branches, many speciation events occurring after its initial polychotomy. In the P. hispanica clade this is especially true of the monophyletic groups in the northeast and west Iberian Peninsula that are sympatric with Iberolacerta. They cover large areas and show considerable diversification within these. The bare basal branches seen in L. (Iberolacerta) are absent, indicating the Podarcis clades have been successful in producing many early lineages that have persisted to the present day. The contrasts between L. (Iberolacerta) and Podarcis over a long period suggest they may have interacted through this time. Combined with observational evidence for possible competition between extant L. (Iberolacerta) and Podarcis (Arribas, 1996; Galán, 1999) , the similar dates of diversification and the difference in phylogenetic pattern and range, all provide circumstantial evidence of competitive restriction.
If Podarcis has restricted the European species of L. (Iberolacerta) to mainly montane areas for very long periods, what is its competitive advantage? As stated, the genus does have a combination of derived morphological features not found in L. (Iberolacerta) and other Rock lizards, but how they might confer advantage is not obvious. Possibly, Podarcis was simply better adapted for warmer-drier situations and they do have higher voluntary maximum body temperatures in the field than L. (Iberolacerta) and other European Rock lizards (Arnold, 1987) . However, it is always possible that L. (Iberolacerta) only adapted to relatively cool conditions as competitive restriction to mountains occurred, and that the competitive advantage of Podarcis is based on some other factor. At present, reconstructing the original preferred microclimates of L. (Iberolacerta) and other European Rock lizards is not possible on the basis of phylogeny, as detailed relationships of these taxa to other lacertines are uncertain and preferred microclimates are very varied in these.
Although the present study shows that other European Rock lizards are not closely related to L. (Iberolacerta), it is possible that they too have long been restricted to their small and often montane ranges by Wall lizards. For instance, the Mosor Rock lizard (Lacerta mosorensis), which has a restricted mountain distribution in south Croatia, southwest Bosnia and Montenegro (Yugoslavia), possesses a phylogeny with deep internal bifurcations and a bare basal stem (see Fig. 3 ), suggesting that it may have been restricted to this area for a long time.
Persistence of relatively primitive forms in mountain situations and presence of related and often more apomorphous relatives in the surrounding areas is a common phenomenon outside the European Lacertinae. For example, it occurs in Pristurus geckos in the mountains of Oman, Yemen and Somalia (Arnold, 1993) ; Quedenfeldtia geckos in Morocco (Arnold, 1990) and Lacerta kulzeri in the Levant.
(d) History of the Lacertinae
Phylogenetic analysis of data set I, which contains a wide and representative range of lacertine species, corroborates and extends previous studies involving fewer taxa (Fu, 1998 (Fu, , 2000 Harris et al., 1998) that indicate the subfamily underwent rapid diversification. As noted, the molecular clock estimates presented here indicates this happened about 13-9 Ma ago in the mid-late Miocene. This contrasts with a date in the early to mid-Miocene suggested on the basis of albumin immunology and protein electrophoresis (Lutz et al., 1986) . It is probable that initial diversification involved relatively fast geographical spread combined with division into a number of taxonomic units that have remained largely or entirely allopatric. They are all assigned to Lacerta s. In slightly less than half the cases, speciation has occurred but nearly always to a modest degree producing only 2-4 extant species. The only exception is Lacerta (Darevskia), once generally known as the Lacerta saxicola group, which has many species including parthenogenetic ones. Where there has been such speciation, the products also tend to be largely or wholly allopatric and, in the case of L. (Iberolacerta), are strongly disjunct. Most of the units listed above tend to be at least primitively rockdwellers and climbers to varying degrees, the main exceptions being the largely terrestrial L. Three or four clades in the Lacertinae depart from the widespread pattern just described, involving allopatry usually followed by low levels of speciation, although these clades too may have originated as small-scale geographical isolates. These units now have wide ranges, often more species, and are sympatric with at least four of the units of Lacerta s. l. listed above and sometimes many more. Of the widespread clades, the Green lizard group, Lacerta (Lacerta), has about seven species and occurs widely over virtually the whole area occupied by the units of Lacerta s. lat. with restricted distributions, except for northern Europe and some mainly western Mediterranean islands. Sympatry between L. (Lacerta) and other Lacerta s. lat. may be permitted by the much bigger adult body size and prey size in this group and the tendency for its species to be associated with vegetation, making ecological coexistence possible. Lacerta (Timon), which may form a clade with L. (Lacerta) has five or so species and presumably achieved sympatry in a similar way as its members are extremely large-bodied.
Another clade to have dispersed widely is Algyroides, a specialised group of four small-bodied species with large dorsal scales that occupy relatively cool, often partly shaded habitats and occur from the West Balkan region to southeast Spain. The distinctive ecology of Algyroides again may permit it to coexist with other small lacertines. It has undergone fragmentation and its species now have small mainly disjunct ranges. The final widespread clade is made up of the 20 or so species of Wall lizards (Podarcis) occurring in Europe and northwest Africa. Unlike the others, it is ecologically similar to many species of Lacerta s. lat within its range and, as we have seen, has probably competed with them, displacing them into small largely montane habitats.
It is possible that replacement, or at least substantial displacement, of once quite widespread clades by others may be a recurrent phenomenon in community evolution. The rapid diversification of the Lacertinae at 13-9 Ma ago may represent a similar case to the spread of Wall lizards (Podarcis) at 9-8 Ma ago. Although the fossil record indicates Lacertidae have been in Europe since at least the Palaeocene period over 50 Ma ago (Estes, 1983) , there is little trace within the range of the Lacertinae of groups of earlier origin. The only exception is Psammodromus, largely confined to southwest Europe and northwest Africa, and a member of the subfamily Gallotiinae, which originated earlier than the Lacertinae (Fu, 1998; Harris et al., 1998) . This suggests the Lacertinae may have replaced other members of the family in the way Podarcis has apparently largely supplanted various other groups within this subfamily. Such wholesale replacement may be a repeated pattern in community evolution (Arnold, 2004) and has also been reported in the fossil history of mammals (Kemp, 1998) . However, the case of European Rock lizards including L. (Iberolacerta) indicates that mountains can enable remnants of previous lizard radiations to survive and so conserve faunal diversity.
